
Polymorphonuclear neutrophilic granulocytes (neu-
trophils) provide the fastest defense reactions of an organ-
ism against infections. Respiratory burst presents a mas-
sive release of reactive oxygen species (ROS) with inten-
sive consumption of oxygen and glucose. It is one of the
main cytotoxic functions of neutrophils [1]. Respiratory
burst occurs as the result of phosphorylation and assem-
bly of the components of NADPH oxidase. Its intensity is
strictly controlled by the regulatory systems of the organ-

ism and intracellular signaling systems because excessive
ROS production is dangerous for the cells of the host
organism [2]. Neutrophils can accept a number of signals
and respond to them by different specific reactions. The
basis for this flexibility is a diversity of membrane recep-
tors. Data on the insulin receptor of neutrophils are lim-
ited and rather contradictory [3, 4]. There are no data on
the insulin receptor of neutrophils from an inflammation
site and the neutrophils of animals. Some functions of
neutrophils can be stimulated by insulin. This establishes
the existence of a correlation between specific binding of
a hormone [3] and its effects on neutrophil functions [5-
7]. Data on the effects of insulin on the oxidase activity of
neutrophils are sparse and contradictory [6-9].

In an organism before activation, the neutrophils
are usually turned to the “primed” state. In this state,
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Abstract—The priming effect of insulin on the fMLP-induced respiratory burst of mouse neutrophils as well as the involve-
ment of tyrosine protein kinases and phosphatases in this process have been studied. Peritoneal evoked neutrophils of NMRI
strain mice were incubated with 0.01-100 nM insulin for 1-60 min at 22, 30, or 37°C and activated by 0.1-50 µM N-formyl-
methionyl-leucyl-phenylalanine (fMLP). The production of reactive oxygen species (ROS) by neutrophils was monitored by
luminol-dependent chemiluminescence. We found that 125I-labeled insulin binding by mouse neutrophils occurred with sat-
uration and high affinity. Insulin itself did not change the basal level of the ROS production but could modulate fMLP-
induced respiratory burst. The effect of insulin depended on temperature and duration of pretreatment of the neutrophils with
insulin and the concentration combination of the insulin and fMLP. The tyrosine kinase inhibitor tyrphostin 51 decreased the
fMLP-induced respiratory burst significantly. Insulin did not change the fMLP response of neutrophils pretreated with tyr-
phostin. However, the effect of tyrphostin on the response to 50 µM fMLP was considerably decreased in neutrophils treat-
ed with insulin. There was no such effect during activation by 5 µM fMLP, for which the priming effect of insulin was not
observed. Insulin did not increase the fMLP-induced respiratory burst in neutrophils treated with the protein phosphatase
inhibitors orthovanadate and pyrophosphate. If the inhibitors were added after insulin, the combined effect was nearly addi-
tive. It is possible that priming by insulin of the fMLP-induced respiratory burst is triggered by tyrosine phosphorylation, real-
ized with its participation, and involves the signaling pathways initiated by tyrosine phosphorylation but subsequently is not
dependent on the latter. The role of protein phosphatases in priming by insulin is of little importance. The data indirectly con-
firm the idea that priming of the neutrophil respiratory burst is a result of crosstalk of signaling pathways of the insulin and
fMLP receptors with the participation of tyrosine phosphorylation.

Key words: neutrophil, insulin, respiratory burst, priming, tyrosine kinases, phosphatases, chemiluminescence, radioisotope



EFFECT OF INSULIN ON NEUTROPHIL RESPIRATORY BURST 841

BIOCHEMISTRY  (Moscow)  Vol.  66  No. 8    2001

agents do not activate the cells, but they do prepare them
for a faster and stronger response. Such agents include
many substances operating through receptors of different
types [10, 11]. The mechanism of priming is still under
study. It is supposed that amplification of cell activity
under priming is a result of additive phosphorylation,
which forms the basis of cross-interaction between the
signaling systems of the primer and activator [12].
Insulin is not classified as a “primer”, in contrast with
IGF-1, which has a similar structure [10, 11], though
there is reason to believe that insulin may prime neu-
trophils [7, 13].

The problem of signal transduction during the inter-
action of insulin with neutrophils remains quite undevel-
oped. However, there are some works in which this prob-
lem is considered. Thus, it was shown that the priming of
neutrophil aggregation by insulin could be mediated by
activation of MAPKs through p24ras-, Raf-1-dependent
pathway [13]. It was found that amplification of neu-
trophil locomotion by insulin is mediated by activation of
a tyrosine kinase associated with a receptor and involving
PI3-kinase [5]. The amplification of intracellular genera-
tion of peroxide in human neutrophils by insulin was
partly explained by activation of PKC [6].

The importance of insulin in regulation of the neu-
trophil activity is obvious from numerous complications
of diabetes mellitus. Their development is more likely to
result from the absence of insulin effect than from its
influence [14, 15]. However, the mechanism of develop-
ment of the neutrophil dysfunction in diabetes mellitus
remains unexplored. We consider that the reason is that
there is no clear knowledge concerning the insulin recep-
tor of neutrophils and its properties and signaling system.

Analysis of the literature revealed that there are a
small number of studies of insulin effects on neutrophils.
They are rather contradictory, and thus it is impossible to
make a clear conclusion about the priming or activating
effect of insulin on human neutrophils. In addition, there
are very few data on the neutrophils of animals. This situ-
ation is probably due to the composite nature of the intra-
cellular signaling network of the insulin receptor, as
shown with many cell types [16-18], and the variety of the
effects of insulin [19]. The purpose of this work was to
define conditions for observing the priming effect of
insulin on the neutrophil respiratory burst and investigate
the roles of tyrosine protein kinases and phosphatases in
this process.

MATERIALS AND METHODS

Materials. Chemicals used in the experiments were
as follows: zymosan, Hanks’ solution, Hepes, sodium
aside, horseradish peroxidase (type VI), chemotactic pep-
tide N-formyl-methionyl-leucyl-phenylalanine (fMLP),
tyrphostin 51, sodium orthovanadate, sodium pyrophos-

phate, Ficoll (Sigma, USA); bovine insulin (Calbiochem,
USA); 125I (Izotop, St. Petersburg, Russia); Urografin
(Schering, Germany); dioctyl phthalate, dibutyl phtha-
late (Merck, Germany); complete medium RPMI 1640
(ICN, USA); 10% fetal bovine serum (Serva, Germany).

Biological material. Peritoneal evoked neutrophils of
male mice of outbreed strain NMRI were used in the
experiments. The peritoneal cavity was washed out with 3 ml
Hanks’ solution five hours after intraperitoneal injection
of 150 µl of zymosan suspension (5 mg/ml) [20]. The neu-
trophils were isolated in pure form from the peritoneal cell
suspension by centrifugation in Ficoll–Urografin solution
of density 1.077 g/ml. Neutrophils comprised nearly 98%
of the total number of cells as determined by acridine
orange staining. The survival of the cells as estimated by
trypan blue staining was more than 95%. The cells were
used 1 h after their isolation. Immediately after the isola-
tion, the chemiluminescence (ChL) responses of neu-
trophils to an activating stimulus were very intensive. This
could indicate that the cells were in a primed status just
after their isolation. However, because the isolated cells
were kept in Ca2+-free Hanks’ solution at 4°C, the inten-
sity of ChL gradually decreased and within approximately 1 h
it reached a lower level that was stable for about 2 h during
an experiment. This behavior of the cells could be due to
“depriming” [21]. Before experiments, the cell suspension
was placed in experimental mini-dishes with a working
volume of 200 µl. The cell density was 106 cells/ml.

Measurement of chemiluminescence. The functional
activity of the neutrophils was estimated by production of
reactive oxygen species (ROS) using the luminol-depend-
ent chemiluminescence technique [22, 23]. For the ChL
measurements, we used a ChL-111 chemiluminometer
designed in the Laboratory of Nerve Cell Biophysics of
the Institute of Cell Biophysics of the Russian Academy
of Sciences. Chemiluminescence was measured at 37°C
sequentially from 12 mini-dishes; the serial measuring
time was 5 sec. The physiological solution for meas-
urements had the following composition: 138 mM NaCl,
6 mM KCl, 1 mM CaCl2, 1 mM MgSO4, 5 mM NaHCO3,
1 mM Na2HPO4, 10 mM glucose, 10 mM Hepes, 0.135 mM
luminol, 0.1 mM NaN3 and 300 U/ml horseradish perox-
idase, pH 7.4. Bovine insulin at 0.01-10 nM was used for
priming. The use of recombinant growth factors and
insulin is generally considered to require a check for con-
tamination by lipopolysaccharide [8], but since we used
native bovine insulin, there was no need for this proce-
dure. Cells were incubated with primer under thermostat-
ted conditions at 22, 30, and 37°C for 20 min. For activa-
tion of neutrophil respiratory burst, 1-50 µM N-formyl-
methionyl-leucyl-phenylalanine (fMLP) was used. In
studies of the combined action of insulin and the inhibitor
of tyrosine protein kinases (tyrphostin 51) or inhibitors of
protein phosphatases (orthovanadate and pyrophos-
phate), these chemicals were added to the cell suspension
at 1 min intervals.
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Assay of 125I-labeled insulin binding. Insulin was iod-
inated with iodine donor utilizing the 125I isotope as well
as with H2O2 and lactoperoxidase [24, 25]. The specific
activity of the 125I-labeled insulin was 8⋅105 and 1.36⋅
105 Ci/mol, respectively. Neutrophil suspension (100 µl)
with density 3⋅107 cells/ml in RPMI 1640 medium con-
taining 5% fetal bovine serum and 0.2% sodium azide
was incubated with 125I-labeled insulin for 15 min at 37°C
or 20 min at 30°C. One thousand-fold excess unlabeled
insulin was used for estimation of nonspecific binding.
After incubation, 50 µl of the mixture was layered on
350 µl of dioctyl phthalate–dibutyl phthalate (1 : 1 v/v)
and centrifuged at 14,000g for 3 min [26]. The pellet was
counter with a MINI-GAMMA gamma-counter (LKB,
Sweden).

Statistical analysis. The data were analyzed as based
on the change of the total ROS production during 50 sec
from the moment of addition of fMLP as the activator.
This approximately corresponds to the change of the
maximum of the chemiluminescence intensity (Fig. 1).
The total ROS production was calculated as the area
under the curve of the time dependence of the chemilu-
minescence intensity. The effects of insulin and the
inhibitors were estimated in percentage as the ratio of the
total ROS production of the cells treated with the chemi-
cals to that of untreated cells. The effects are expressed as
average value ± mean square error for the indicated num-
ber of independent experiments. Student’s t-criterion was
used to ascertain the differences from a control or
between the groups, in each case the probability being
indicated.

RESULTS

Insulin-induced increase in the neutrophil response to
chemotactic peptide. Insulin at 0.01-100 nM concentra-
tions did not change the level of spontaneous chemilumi-
nescence (ChL) of neutrophils, i.e., insulin itself did not
initiate the generation of reactive oxygen species (ROS).
However, pretreatment of cells with insulin could ampli-
fy the response to the chemotactic peptide N-formyl-
methionyl-leucyl-phenylalanine (fMLP) at 1-50 µM
concentrations (Fig. 1).

Because data on the effect of insulin on the oxidative
activity of neutrophils are inconsistent [6-8], to investi-
gate its mechanism it was necessary to determine condi-
tions providing repeatability of experimental results. A
potentiating effect of 1 nM insulin on neutrophil respira-
tory burst induced by 50 µM fMLP was found if the incu-
bation with insulin lasted at least 15 min. The maximal
effect was observed within 20 min after addition of
insulin; more prolonged incubation resulted in a
decreased effect (Fig. 2). Investigation of the priming
effect of insulin at different temperatures revealed that
1 nM insulin did not change the responses of neutrophils
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Fig. 1. Kinetic curves of the chemiluminescence response to 50 µM
N-formyl-methionyl-leucyl-phenylalanine (fMLP) of control
neutrophils (1) and neutrophils primed by 1 nM insulin (2).
The control and primed cells were incubated for 20 min at
37°C and then activated by fMLP. The arrows indicate the
moment of addition of primer (insulin) and activator (fMLP).
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Fig. 2. Time dependence of the priming effect of insulin on
fMLP-induced respiratory burst of neutrophils. The cells were
treated with 1 nM insulin at 37°C within the time interval indi-
cated on the abscissa, and then the cells were activated by 50 µM
fMLP. The average values and mean square errors are indicated.
The number of independent experiments is indicated above the
experimental points. The response of control cells was taken as
100%; *, significantly different from control, p < 0.05.
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to 50 µM fMLP at 22 and 30°C, but at 37°C significant
amplification of the respiratory burst induced by the same
dose of fMLP (28 ± 6%, n = 15) was observed.
Conditions for preliminary incubation with insulin were
selected based on these experiments: temperature, 37°C;
duration, 20 min.

Because the specific binding of insulin by neu-
trophils and the presence of an insulin receptor on neu-
trophils remain unclear [3, 4] and there are no data on
insulin binding by the mouse neutrophils, we carried out
experiments to assess the parameters of binding of this
ligand.

Specificity of insulin binding. Investigation of the
specificity of insulin binding by mouse neutrophils
revealed that the binding of 125I-labeled insulin was of
high affinity, and the kinetics of binding showed satura-
tion (Fig. 3a). Analysis of specific binding of 125I-labeled
insulin by neutrophils in Scatchard coordinates showed
that the cells have two types of binding sites on their sur-
face. The dissociation constants were Kd1 = (4.7 ± 0.4)⋅
10–11 M and Kd2 = (2.5 ± 0.7)⋅10–9 M at 37°C (Fig. 3b)
and Kd1 = (4.8 ± 0.5)⋅10–11 M and Kd2 = (1.8 ± 0.9)⋅
10–9 M at 30°C. The differences between the correspon-
ding constants at 30 and 37°C are uncertain.

The concentration dependences of the priming effect
of insulin were studied in the following concentration
ranges: 0.01-100 nM insulin; 1-50 µM fMLP. The exper-
iments showed (Fig. 4) that pretreatment of the neu-
trophils by insulin resulted in a non-monotonic change of

the fMLP-responses that depended on the concentrations
of insulin and fMLP. At certain combinations of concen-
trations, the fMLP response of the insulin treated neu-
trophils did not vary or was slightly decreased. Ranges of
insulin concentrations were found where the fMLP
responses of the insulin primed neutrophils were ampli-
fied: 1) a range of low concentrations of insulin, e.g.,
combinations of 0.01 nM insulin and 5 µM fMLP (22 ±
10%, n = 3) and 0.1 nM insulin and 1 µM fMLP (36 ±
12%, n = 4); 2) an intermediate range of concentrations
of insulin, e.g., the combination of 1 nM insulin and 50 µM
fMLP (28 ± 6%, n = 15); 3) a range of high concentra-
tions of insulin, e.g., combinations of 10-100 nM insulin
and fMLP in low and high concentrations. It should be
noted that the combinations of all used concentrations of
insulin with 10 µM fMLP gave no significant effect (Fig.
4, 3).

Earlier we observed differences in the effect of
insulin on neutrophils of mice of the genetically remote
strains BALB/c, NMRI, and C57BL. A dependence of
the effect of insulin on the conditions of animal housing
was detected: the increase of the fMLP response was
nearly absent with neutrophils of mice kept in SPF (spe-
cific pathogen free) conditions, whereas the increased
response was observed for mice adapted to the usual (con-
ventional) conditions [27].

Therefore, there are a number of the factors that
influence the character of the reaction of neutrophils to
insulin. The basis for these differences might be a diver-

500

Insulin × 1010, M

0 1

300

400

2

Fig. 3. Specific binding of 125I-labeled insulin with mouse neutrophils (a) and Scatchard plot analysis (b).
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gence of signaling pathways of the fMLP receptor origi-
nating from the heterogeneity of fMLP binding [28] as
well as complexity of the insulin signaling network acti-
vated by binding of insulin with its receptor [16-18].
However, as mentioned above, the characteristics of the
insulin signaling system in neutrophils have not yet been
studied. Studies on the insulin receptor in different cells
has shown that binding of the receptor with its ligand ini-
tiates autophosphorylation, activation of tyrosine protein
kinases, and a subsequent shift of the balance of activities
of tyrosine protein kinases and phosphatases [16].
Tyrosine protein kinase is crucial for transduction of the
majority, if not all, of the numerous effects of insulin [16,
17].

Role of tyrosine protein kinases. We studied the role
of tyrosine protein kinases in the priming by insulin of the
fMLP-induced respiratory burst of neutrophils using tyr-
phostin 51, an inhibitor of tyrosine protein kinases. It is
thought that tyrphostins, synthetic inhibitors of tyrosine
kinases, are highly effective and selective [29]. They are
derivatives of tyrosine and erbstatine, an inhibitor of tyro-
sine kinases of natural origin that inhibits tyrosine kinase
of the epidermal growth factor receptor and cytoplasmic
tyrosine kinases belonging to the family of Src kinases. It
can compete both with substrates and with ATP.

We analyzed the effect of tyrphostin 51 for two fMLP
concentrations: 50 µM, at which an increased effect of
1 nM insulin was observed, and 5 µM, at which the effect
was lacking (Fig. 5, columns I). In both cases, 5 µM tyr-
phostin 51 inhibited the fMLP response with the same
efficiency (Fig. 5, columns T). This points to the impor-
tance of tyrosine phosphorylation in activation of the
neutrophil respiratory burst by fMLP. The addition of
insulin after 5 µM tyrphostin 51 resulted in slight increase
of inhibition of the responses to fMLP at both concentra-
tions (Fig. 5, columns T + I). Therefore, the absence of
the effect of insulin in the case of preliminary inhibition
of tyrosine kinases confirms the importance of tyrosine
kinases in the insulin signaling system in neutrophils.
However, in the cells treated with insulin, the effect of
tyrphostin 51 was decreased at 50 µM fMLP (Fig. 5, I +
T, black column).

We did not detect a similar phenomenon with the
activation of neutrophils by 5 µM fMLP, at which the
priming effect of insulin was absent (Fig. 5, I + T, gray
column). This suggests that different signaling path-
ways participate in forming the response to fMLP at
different concentrations. The priming by insulin of the
fMLP-induced respiratory burst is probably triggered
by tyrosine phosphorylation and involves the signaling
pathways initiated by tyrosine phosphorylation, but is
subsequently independent from it. The data are an
indirect confirmation of the suggestion of cross-inter-
action of signaling pathways in priming, but further
investigations with more direct measurements are
required.
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Fig. 4. Modulating effect of insulin on the fMLP-induced res-
piratory burst of neutrophils is determined by the combination
of concentrations of insulin and fMLP used for priming and
activation, respectively. Each group of columns from the right
to the left shows the change of the insulin effect depending on
concentration (0.01-100 nM) on the neutrophil respiratory
burst induced by fMLP in concentrations 1 (1), 5 (2), 10 (3),
and 50 µM (4). The average effects for the studied combina-
tions of concentrations according to the results of 4-15 inde-
pendent experiments (N = 109) are indicated. The concentra-
tions of insulin and fMLP are shown on the horizontal axes.
On the vertical axis the effects calculated as the ratio of the dif-
ference of the production of ROS by the insulin primed and
control cells versus the control cells expressed in percent are
shown. Columns extending below the grid show an inhibiting
effect of insulin.
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Fig. 5. Effect of tyrphostin 51 on the respiratory burst of neu-
trophils induced by fMLP at concentrations 5 (1) and 50 µM
(2). Before activation, the cells were treated at 37°C for 20 min
with: 5 µM tyrphostin (T); sequentially (with 1-min interval) 5 µM
tyrphostin and 1 nM insulin (T + I); 1 nM insulin (I); sequen-
tially (with 1-min interval) 1 nM insulin and 5 µM tyrphostin
(I + T). The average values of the effects from 6 independent
experiments are shown. The response of control cells was taken
as 100%.
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Role of protein phosphatases. The role protein phos-
phatases in the priming of the fMLP-induced respiratory
burst of neutrophils was studied using two inhibitors: sodi-
um orthovanadate, a known inhibitor of tyrosine phos-
phatases [30], and sodium pyrophosphate, a nonselective
phosphatase inhibitor [31]. Additional phosphorylation in
a cell during priming could result in an increased activity of
protein kinases or lowering of the activity of protein phos-
phatases, which might also be activated by insulin [18].

Pretreatment of neutrophils with 0.1 mM orthovana-
date resulted in considerable amplification of the respira-
tory burst induced by 50 µM fMLP (Fig. 6). The com-
bined effect of 0.1 mM orthovanadate and 1 nM insulin
added 1 min later was to increase the respiratory burst by
69 ± 12% (n = 8), which did not reliably differ from the
effect of orthovanadate alone, 59 ± 12% (n = 8). The
addition of orthovanadate after insulin gave an additive
(Fig. 6, curve 5), though the difference from the effect of
orthovanadate only was not reliable.

The effect of pyrophosphate was studied using simi-
lar combinations of the substances (Fig. 7). Pyrophos-
phate (1 mM) strengthened the response to 50 µM fMLP
by 62 ± 16% (n = 7). The addition of 1 nM insulin 1 min
after pyrophosphate induced an additional increase of the

fMLP response, but the difference from the pyrophos-
phate effect was not reliable, as well as in case of the
opposite sequence of addition of the chemical (Fig. 7,
curves 4 and 5). Apparently, protein phosphatases,
including tyrosine phosphatases, mainly affect the nega-
tive control of the fMLP-induced respiratory burst, but
their role in the priming by insulin is minor.

DISCUSSION

Hepatocytes and adipocytes are considered the main
targets of insulin in an organism. They are classical
objects for study of structure and function of the insulin
receptor [16, 17]. These cells have the highest density of
insulin receptors (~300,000 receptors/cell). First, the
presence of insulin receptors on human circulating gran-
ulocytes was shown to bind 125I-labeled insulin [3], but
the authors of another work did not find specific binding
of insulin by normal human neutrophils [4]. Later, speci-
ficity of an effect of insulin on peroxide production by
neutrophils was confirmed using monoclonal antibodies
[6]. However, data presented in this work are not
absolutely convincing because insulin could bind with the
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Fig. 6. Effect of orthovanadate, an inhibitor of tyrosine phos-
phatases, on the respiratory burst of neutrophils. Responses to
50 µM fMLP of control cells (1) and cells pretreated at 37°C
for 20 min with: 1 nM insulin (2); 0.1 mM orthovanadate (3);
sequentially (with 1-min interval) 0.1 mM orthovanadate and 1 nM
insulin (4); sequentially (with 1-min interval) 1 nM insulin and
0.1 mM orthovanadate (5). The arrows indicate the time of
addition of primer (insulin) and activator (fMLP).
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Fig. 7. Effect of pyrophosphate, an inhibitor of phosphatases,
on the fMLP-induced respiratory burst. Responses to 50 µM
fMLP of control cells (1) and cells pretreated at 37°C for 20 min
with: 1 nM insulin (2); 1 mM pyrophosphate (3); sequentially
(with 1-min interval) 1 mM pyrophosphate and 1 nM insulin
(4); sequentially (with 1-min interval) 1 nM insulin and 1 mM
pyrophosphate (5). The arrows indicate the time of addition of
primer (insulin) and activator (fMLP).
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insulin-like growth factor-1 receptor at the concentra-
tions used by the authors [32]. Insulin receptors have not
yet been isolated from neutrophils, probably because of their
low density (about 1,000 receptors/cell [3]). Our results
on binding of 125I-labeled insulin (Fig. 3) have shown that
insulin binding by peritoneal mouse neutrophils is of high
affinity. The evaluation of two dissociation constants dis-
tinguished by almost two orders of magnitude suggests
that there are two sites of specific binding of insulin on
these cells. We confirmed the presence of two types of
insulin binding sites on the membrane fraction of neu-
trophils. The dissociation constants were Kd1 = (1.31 ±
0.02)⋅10–10 M and Kd2 = (1.68 ± 0.01)⋅10–9 M at 37°C.

Selecting the optimal conditions for studying of the
priming mechanism of insulin on the neutrophil respira-
tory burst has revealed the dependence of the fMLP-
induced response on the duration of incubation with
insulin (Fig. 2), temperature, and combination of con-
centrations of insulin and fMLP (Fig. 4). The data from
the literature can be used to make some suppositions.
However, additional studies are needed for detailed
analysis of the observed dependence.

The temperature effect on the priming by insulin of
the fMLP-induced response could result from changes in
receptor and post-receptor levels subsequently leading to
a change of the NADPH oxidase activity. For example,
temperature dependence of the properties of the fMLP
receptor [33] and its regulation [34] have been shown. It
is possible that the temperature dependence of the
parameters of insulin binding noted for human granulo-
cytes [3] is weak under our experimental conditions, as we
found no significant difference between insulin binding
by mouse neutrophils at 30 and 37°C (Fig. 3). As shown,
the intensity of the fMLP-induced response was deter-
mined by the initial level of phosphorylation in the cells
(Figs. 5-7), and change of temperature could shift the
balance of the activities of protein kinases and protein
phosphatases, as their activity have marked temperature
dependence [35]. The effect of temperature could be due
to conformation transitions in the cell membrane result-
ing in change of activity of membrane-associated
enzymes [36].

The time dependence of the priming effect of insulin
(Fig. 2) is apparently also due to the parallel involvement
of systems of positive and negative regulation of NADPH
oxidase. It has been shown that the number of fMLP
receptors on the cell surface decreases on prolonged incu-
bation of human neutrophils at 37°C. This was suggested
to be due to the internalization of receptors [37]. fMLP
induces an increase of cAMP level and activation of pro-
tein kinase A in neutrophils [38], and this could depress
the activity of NADPH oxidase [2]. Insulin can also
influence the cAMP level in cells [39]. It is quite probable
that de novo protein synthesis contributes to the time
dependence of the priming by insulin, as the insulin effect
was considerably reduced with cycloheximide, an

inhibitor of protein synthesis (data not shown). Besides,
long interaction of insulin with neutrophils can result in
its inactivation [3, 17]. The differences in the rate of acti-
vation of protein kinases and phosphatases might deter-
mine the time dependence of the effect of insulin [18].
The character of the time dependence of the insulin effect
may be due to differences in the kinetics of activation of
the insulin receptor substrates [40].

The dependence of the intensity of the neutrophil
response on the combination of concentrations of insulin
and fMLP deserves special attention. The non-monoto-
nous character of this dependence (Fig. 4) could be a
result of heterogeneity of fMLP binding [29] and insulin
binding (Fig. 3). It is known that the responses of neu-
trophils to fMLP can be divided into two categories:
chemotaxis, originating at low concentrations of the pep-
tide, and both secretory degranulation and respiratory
burst developing at fMLP concentrations one or two
orders of magnitude higher [41]. The effects of insulin in
the three concentration ranges mentioned above are
apparently mediated by binding of insulin with different
parameters: 1) Kd1 = (4.7 ± 0.4)⋅10–11 M; 2) Kd2 = (2.5 ±
0.7)⋅10–9 M; 3) in addition to high-affinity binding with
the insulin receptor, it is possible that insulin binds with a
receptor of the insulin-like growth factor-1, whose affin-
ity for insulin is two orders of magnitude lower (Kd ~ 10–7 M)
[32], this leading to activation of additional signaling
pathways.

It is thought that the reason for the diversity of
insulin-induced cell reactions is the complexity of the sig-
naling network activated by the binding of insulin with its
receptor [16-18]. At least two pathways of signal transduc-
tion from the fMLP receptor are known [2, 42, 43]. The
effects observed here are probably due to the interaction of
signaling pathways of the insulin and fMLP receptors. On
varying the conditions of cell priming and activation,
interaction at different points may be possible. This sup-
position is confirmed by the fact that on activation of neu-
trophils primed with 1 nM insulin, we found no increase of
the response to 5 µM fMLP, in contrast to that with 50 µM
fMLP (Fig. 5). Here the effect of tyrphostin on cells pre-
treated with insulin did not vary in response to 5 µM
fMLP, possibly because in this case signaling from the
insulin and fMLP receptors was realized exclusively by
means of tyrosine phosphorylation. Phosphorylation of
tyrosine residues in certain enzymes with the priming of
oxidase metabolism by various agents has been shown [44-
50]. It was found that many agents that activate the
NADPH oxidase of neutrophils increased the overall phos-
phorylation of tyrosine residues in the cells [49-51].
Inhibitors of tyrosine kinases decreased the level of tyrosine
phosphorylation in the cells and the superoxide generation
induced by fMLP. On the other hand, the inhibition of
phosphotyrosine phosphatases caused accumulation of
proteins phosphorylated on tyrosine, and, at the same
time, increased consumption of oxygen was observed [52].
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The kinases causing additional phosphorylation of the
NADPH oxidase during the priming have not been iden-
tified; MAPKs and ERKs might be involved [10, 12].

In our experiments, tyrphostin significantly inhibit-
ed the activation of neutrophils. Insulin did not affect the
cells treated with tyrphostin, confirming the role of tyro-
sine kinases in insulin-related signaling in neutrophils
(Fig. 5). However, the effect of tyrphostin was decreased
if insulin was added before tyrphostin. This could happen
through activation of signaling pathways by insulin
required for cell activation by the chemotactic peptide
and triggered with the involvement of tyrosine phospho-
rylation, but subsequently independent from it.

It is difficult to interpret the effects of the phos-
phatase inhibitors because phosphatases can up- and

down-regulate enzymes, in particular those involved in
the insulin effect [18]. In our experiments the effect of
insulin was not strengthen on addition after the inhibitors
of phosphatases orthovanadate and pyrophosphate; on
addition of the inhibitors after insulin, the effect of the
chemicals was nearly additive (Figs. 6 and 7). We assume
that protein phosphatases are of little importance in the
priming by insulin of the neutrophil respiratory burst.
Their influence probably occurs on a longer time frame
(Fig. 2).

It is probable that the effect of orthovanadate on the
fMLP-induced respiratory burst of neutrophils is mediat-
ed partially by inhibition of ATPases. The influence of
orthovanadate on Na+,K+-ATPase is well known.
However, there are reasons to consider the effects of

Insulin

Fig. 8. Some hypothetical and experimentally confirmed mechanisms of regulation of the respiratory burst of neutrophils. Interactions of
signaling pathways of the insulin and fMLP receptors may possibly occur at the level of the MAPKs cascade. Abbreviations: fMLP, N-
formyl-methionyl-leucyl-phenylalanine; PKA, protein kinase A; AC, adenylate cyclase; PLC, phospholipase C; PKC, protein kinase C;
PI, phosphoinositides; IP3, inositol-1,4,5-trisphosphate; DAG, diacylglycerol; IRS, insulin receptor substrate; GLUT4, glucose trans-
porter; MAPK, mitogen-activated protein kinases; ERK, extracellular signal-regulated kinases; MEK, kinase of ERK and MAPK; MEKK,
MEK kinase; SOS, son of sevenless; Grb2, growth factor binding protein 2; p85 and p110, regulatory and catalytic subunits of PI3-kinase,
respectively; SH2, SHC, SH-domains of proteins; p21ras, small G-protein; raf 1, protein kinase of p21ras. Denotations:      , upregula-
tion; →, downregulation. The scheme was composed according to [2, 10, 11, 16-18, 41-43, 57].
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orthovanadate on the fMLP-induced respiratory burst as
being due to the inhibition of tyrosine kinases. The phos-
phorylation of Na+,K+-ATPase on Tyr10 results in its
inhibition, and the influence of orthovanadate on
Na+,K+-ATPase is mediated by inhibition of dephospho-
rylation of the α-subunit on Tyr10 [53]. According to our
data, the effect of orthovanadate is identical in K+-con-
taining and K+-free media (28.0 ± 8.9 and 30.5 ± 9.8%,
accordingly, n = 8). At low concentrations of fMLP, the
direction of the effects of orthovanadate and ouabain, a
specific inhibitor of Na+,K+-ATPase, are opposite (data
not shown). It is unlikely that in our experiments ortho-
vanadate acted as a blocker of Ca2+-ATPase since fMLP-
induced Ca2+ mobilization did not differ significantly in
control and insulin primed cells (data not shown). In
addition, inhibitors of Ca2+-ATPase induced the genera-
tion of ROS [54], which we did not observe for ortho-
vanadate.

A mechanism with a leading role of tyrosine phos-
phorylation forms the basis for a model of cross interac-
tion of signaling systems in the priming of the neutrophil
respiratory burst [10, 12]. In the working scheme (Fig.
8), we have tried to indicate the possible points of cross
interaction of signaling pathways of the insulin and
fMLP receptors. Binding of insulin with the receptor
activates the receptor-tyrosine kinase and subsequent
phosphorylation of its substrate. As was shown, phos-
phatases are also activated [16-18]. There are data indi-
cating that the action of priming agents on cells leads to
assembly of complexes of small membrane proteins,
which in their incomplete state have no GTPase activity
[2]. The activation of these small G-proteins leads to the
initiation of the MAPKs cascade and possible additional
phosphorylation of components of the NADPH oxidase.
This probably causes increased activation of the NADPH
oxidase and, therefore, the respiratory burst. Possible
points of cross interaction are the components of the
NADPH oxidase or MAPKs. Priming could be the out-
come of cross interaction between the Ca2+-dependent
signaling system operating through serine/threonine
kinases, such as PKC or calmodulin-dependent kinases,
and signaling systems involving tyrosine kinases:
MAPKs, Src-kinases and various kinases Fgr, Lyn, Fyn,
and Syk [55, 56]. It is possible that both systems of phos-
phorylation are necessary for maximal activity of the
NADPH oxidase and that the groups of molecules (or a
single molecule) operate as a point of cross interaction
between two systems. During activation of the neutrophil
respiratory burst, there is phosphorylation of p47phox, a
component of the NADPH oxidase, on serine residues,
which could be a signal for activation of oxidase [57].
Perhaps MAPKs and PKC, causing phosphorylation of
components of the NADPH oxidase, form the basis for
cross interaction. The activity of MAPKs is regulated
and depends on serine/threonine and tyrosine phospho-
rylation.
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